This study examined the speech of normal-hearing adult participants before and during their use of a portable, real-time vocoder (PRTV). The PRTV continuously transforms environmental acoustics, including speakers' own speech feedback, via a real-time simulation of cochlear implant processing. The impacts of this substantial spectral degradation on speech production were measured in three groups of subjects: Group 1 received altered acoustic feedback for one continuous 55 minute session; Group 2 experienced the feedback transformation for one session of 6 hours total; and Group 3 wore the PRTV for four consecutive sessions of 4 hours each, for a total of 16 hours of experience. Speakers in each group were recorded producing 114 isolated English words and 24 sentences both before their feedback manipulation began and at periodic intervals during their experimental session(s). Acoustic-phonetic analyses of the speech produced by subjects in all three groups revealed substantial effects of the spectral feedback degradation in several domains, including fluency/speaking rate, vocal affect, and vowel quality. Speakers were able to adjust and recover quickly in some of these areas, such as affect, while other changes, such as those in vowel quality and speaking rate, remained despite 16 hours of experience with the acoustic transformation.
INTRODUCTION
Speakers monitor their acoustic and somatosensory perceptual feedback in real-time as they produce spoken language. Alterations to articulatory configuration, such as the introduction of a bite block or false palate, result in articulatory changes that attempt, not always successfully, to compensate for the effects of a perturbation device (e.g. Savariaux and Perrier, 1995; . Shifts in acoustic feedback typically result in similar compensation (Elman, 1981; Houde and Jordan, 1998) . These reactions to changes in perceptual feedback lead researchers to believe that people control their speech via real-time acoustic and articulatory targets. When these targets are not reached, as in these experimental manipulations, the perception/production feedback mechanism kicks in and guides talker responses to at least partially mitigate the interruption.
Acoustic cues such as pitch, formant frequencies, and sibilant fricative spectra have served as targets for recent investigations of feedback perturbation. In these experiments, the relevant acoustic cue is shifted away from speakers' produced values and speakers generally compensate, at least partially, for that shift in their subsequent productions (Burnett et al., 1998; Purcell and Munhall, 2006) . The impact of a more general degradation of feedback has also been explored (Casserly et al., 2011; Casserly and Pisoni, 2012) . Speakers in these studies had their acoustic speech feedback sent through a real-time simulation of cochlear implant processing, a transformation which greatly reduces the availability of spectral cues in the speech signal. Methods and results of this work, which overlaps partially with the current investigation, can be found in Casserly et al. (2011) , Casserly and Pisoni (2012) and manuscripts currently in preparation.
Previous studies of acoustic feedback perturbation have been limited, however, by the mobility of their signal transformation hardware: in most cases, subjects are required to remain tethered to a desktop computer in order to receive altered feedback. The duration of speakers' exposure to the transformation is therefore limited to the amount of time reasonably spent sitting at such a set up and producing the kinds of speech demanded of them. Research on feedback transformation in other domains, however, such as vision (Dolezal, 1982) and articulation (e.g. , shows that people adapt to their altered perception/action mapping over much longer time courses than the typical one or two hours feasible under such circumstances.
The current investigation represents an initial attempt to address this limitation of the acoustic feedback perturbation literature by examining changes to speech production over longer time periods. Using the global spectral degradation of cochlear implant simulation as our acoustic feedback manipulation and the newly-developed portable real-time vocoder (PRTV), we collected samples of speech from participants whose feedback was perturbed for 55 minutes -a typical duration for work in the literature -6 hours in a single experimental session, and 16 total hours over four 4-hour sessions. We analyzed elements of speech production which shift over the course of these longer sessions, and the trajectory of such changes, in order to shed new light on the mechanisms of feedback compensation and the role of experience-dependent learning in research of this type. See Casserly and Pisoni (2011) for details on the acoustic signal transformation used in this experiment. In short, an 8-channel noise-vocoded simulation of cochlear implant processing was applied to all acoustic signals received by the lapel microphone worn by speakers as part of the PRTV device. As a result, information in the frequency domain was severely degraded, both for environmental sounds and for subjects' own speech, and signals below 300 Hz and above 6000 Hz were not transmitted at all by the PRTV system.
Design & Methods

Subjects
Experimental subjects were run in three groups, each experiencing one of the three targeted durations of exposure with the PRTV: 55 minutes (Group 1), 6 hours (Group 2), or 16 hours (Group 3).
Twenty-two subjects between the ages of 18 and 30 participated in this experiment. All subjects were monolingual native speakers of American English living in Bloomington, IN. Eighteen subjects were recruited for participation in Group 1, but six were dropped from analysis due to technical errors (N = 2), experimenter error (N = 1), failure to meet inclusionary criteria for age (N = 1) or monolingualism (N = 1), and failure to follow instructions (N = 1). The remaining 12 subjects (2 male) completed either an experimental or control protocol; only the results of the experimental speakers (N = 9) are presented below. For the control design and comparison, see Casserly and Pisoni (2012) . Groups 2 and 3 were smaller, consisting of two subjects each (n = 4). One subject in Group 2 was female; all remaining participants were male. Subjects in these groups completed a hearing screening prior to their participation, and no evidence of hearing loss was observed.
Experimental Design
Speech produced under conditions of spectral degradation was compared to baseline samples collected from each subject at the start of their participation. Materials were therefore repeated in each recording epoch, minimizing confounding signal variability based on segmental and syntactic composition and allowing for direct comparison within and between subjects.
The impact of spectral feedback degradation was investigated in three groups of subjects, each receiving a different duration of exposure. Subjects in Group 1 experienced durations of exposure typical for acoustic feedback perturbation studies in the literature. After recording a baseline, non-perturbed block of speech, subjects were fitted with the PRTV and completed a second recording epoch (approximately 20 minutes). They then wore the device for a "break" of 15 minutes of conversation with the experimenter and completed a third recording epoch (20 minutes), for a total of 55 minutes of experience with vocoded speech feedback -as well as experience perceiving other acoustic signals, speech and non-speech, through the transformation.
Groups 2 and 3 wore the PRTV for much longer periods of time. While subjects in these groups also completed initial, non-perturbed, baseline recording epochs, therefore, other epochs were spaced out more widely during multihour sessions. Group 2 subjects wore the PRTV for a total of six hours in a single experimental session. They completed one recording epoch immediately following the baseline, capturing their initial response to the feedback perturbation; later epochs occurred periodically, structured around the 1-hour break for lunch and one 15-minute break later in the afternoon. A total of six epochs, plus the baseline, were recorded.
Subjects in Group 3 wore the PRTV for a total of 16 hours across four 4-hour experimental sessions. Sessions were completed on consecutive days at similar times. Subjects were given two 15-minute breaks to take at their discretion. Not all subjects utilized all possible breaks. These subjects recorded baseline and Epoch 1 materials in the same manner as those in Groups 1 and 2, followed by one recording epoch after 1.5 hours and another 1.5 hours after that, at the end of each experimental session. Group 3 subjects, therefore, completed 12 recording epochs in addition to the baseline.
Materials
Subjects in all three groups recorded the same materials in each of their recording epochs: one set of 12 "phoneme-specific" sentences (Huggins and Nickerson, 1985) and a set of 114 words. Sentences were meaningful English sentences heavily weighted towards particular classes of phones such as fricatives or nasals (e.g. She swiftly passed a health check, Nine men were moaning all morning). Words were selected from the Hoosier Mental Lexicon database (Nusbaum et al., 1984) to be balanced for frequency and familiarity, and to contain 10 tokens each of words containing stressed [i, ae, ɑ, u] vowels. Number of syllables and surrounding segmental context varied from token to token, but were consistent across epochs and subjects.
Procedure
During experimental (non-baseline) recording epochs, subjects were wearing the complete PRTV device and were seated in a sound-attenuating booth (IAC) in front of a computer screen. A stand-mounted condenser microphone (Audiotechnica AT2021) was placed on the desk next to the screen, at least eight inches from the subject's chair. Text prompts for the word and sentence materials appeared on the screen for 1 and 4 seconds, respectively, while the subject read the item aloud. Speech was recorded at 44.1 kHz and stored digitally for later acoustic-phonetic analysis. All recording procedures were identical during the baseline epoch, except that subjects were not wearing the PRTV.
Protocol between recording epochs varied by subject Group. Those in Group 1 experienced 15 minutes of natural conversational interaction with one or two experimenters between Epochs 1 and 2. Subjects in Group 2 experienced longer, more variable times between recording epochs, with an average of approximately 45 minutes elapsing. Subjects in Group 3 completed recording epochs after approximately 1.5 hour intervals. The activities subjects in these two groups completed between epochs were also much richer and more varied than those experienced by subjects in Group 1. Subjects in Groups 2 and 3, continually accompanied by the first author, engaged in ecologically valid communicative activities such as playing board games, listening to music, speaking in social conversation, moving about the indoor and outdoor environment, and following the dialogue in novel movies and television programs. The subjects conversed with familiar and unfamiliar talkers, discussed familiar and unfamiliar topics, and were challenged with a range of background noises and competing voices.
Data Analysis
Speech recordings produced under normal and perturbed acoustic feedback were analyzed for their vowel quality, speaking rate, and pitch variation. Tokens of isolated words were used to measure the quality of [i, ae, ɑ, u] vowels. Automatic F1 and F2 measurements, corrected by hand, were made at the midpoint of the stressed vowel in each item. Those items appearing to contain diphthongs were measured at the midpoint of the half of the vowel containing formant structure canonical for the segmental target (e.g. in a [həu] pronunciation of "who," measurement would occur in the middle of the last half of the diphthong).
Speaking rate was measured via utterance duration of the sentence materials, and we assessed pitch variation by taking the estimated f0 for each sentence token (Praat software, auto-correlation method, expected range adjusted for speaker sex) and calculating its standard deviation. Higher standard deviation reflects more varied vocal pitch, particularly when comparisons are made across repetitions of the same sentence, as was done here.
Results
Group 1: 55 Minutes of Experience
Results for speakers in Group 1 are shown in Figures 1-3 below. Statistical significance was calculated using repeated measures ANOVAs over multivariate (F1 and F2) or univariate (utterance duration, pitch standard deviation) data. Main effects and pairwise comparisons are noted in figure captions, univariate sub-analyses, in case of vowel quality, are similarly described in caption text. Significant main effects of Subject (p < .001) and Vowel (p < .001) were observed. The main effect of Epoch was not significant (p = .640). However, Vowel X Epoch (p < .001) and Epoch X Subject (p < .001) interactions were significant, along with a three-way Vowel X Epoch X Subject interaction (p < .001) and an expected Vowel X Subject interaction (p < .001) reflecting individual differences in vowel phonetics.
Univariate analyses of Epoch were not significant in F1or F2. However, univariate Epoch X Vowel interactions were observed in both F1 (p < .001) and F2 (p < .01), the Epoch X Subject interaction was significant in F1 (p < .001) and F2 (p < .01), and the three-way Vowel X Epoch X Subject interaction was significant in F1 (p < .001), but not F2. This pattern of multi-and univariate results reflects individual differences in speakers' response to feedback perturbation (*Epoch X Subject), localized shifts in vowel quality across the vowel space (*Epoch X Vowel), and differences in speakers' vowel-specific response localization (three-way interaction). Significant main effects of Subject (p < .001), Vowel (p < .001) and Epoch (p < .05) were observed, along with Vowel X Epoch (p < .001) and Vowel X Subject (p < .001) interactions. Univariate analyses of Epoch were significant in F1 (p < .05), but only marginal in F2 (p < .10). Univariate Epoch X Vowel interactions were observed in both F1 (p < .01) and F2 (p < .001), and the three-way Vowel X Epoch X Subject interaction was marginally significant in F1 (p < .10), but not F2.
FIGURE 5. Average utterance durations from the PS sentences produced by speakers in Group 2 (N=2). Durations from the unperturbed baseline condition are in black; all others are in blue. A highly significant main effect of Epoch is present (p < .001), as is an Epoch X Subject interaction (p < .01). Pairwise comparisons among Epochs revealed significant differences between Baseline data and data in Sessions 1 and 2, with Sessions 4 and 6 also being significantly difference from Sessions 1 and 2. It appears that speaking rate for these speakers, therefore, drops significantly during initial PRTV use, then recovers. In this case, utterance duration/speaking rate appears to recover completely by the final two recording sessions of the 6-hour experiment. FIGURE 6. Average measures of variability in PS sentence f0 (see Data Analysis above) for subjects in Group 2 (N=2). No significant main effects, interactions, or pairwise comparisons were observed. A strong qualitative trend can be seen, however, where sentences produced under conditions of degraded feedback appear more monotone than those produced at Baseline.
Speakers experiencing the feedback transformation for 6 continuous hours, therefore, extend the qualitative findings observed in the Group 1 subjects. Shifting of F1 and F2 were similar in the two groups, and no clear trajectory of change emerges over the course of six hours in Group 2; rather, a comparable vowel shift appears immediately and is maintained throughout the experiment period. Increased experience does appear to influence the domain of speaking rate, however; just as in Group 1 subjects, speakers here show an initial increase in utterance duration, followed by a partial recovery towards baseline levels. Group 2 subjects do eventually reach rates indistinguishable from their initial baselines, which Group 1 subjects did not, apparently due to insufficient experience. Results in the pitch domain are ambiguous -no statistical effect was seen, but the trend for more monotone delivery seen in Group 1 subjects also seems to be reflected in these Group 2 data. color, as marked in legend. Sessions 1-3 occurred on Day 1, Sessions 4-6 on Day 2, Sessions 7-9 on Day 3, and Sessions 10-12 on Day 4.
Significant main effects of Vowel (p < .001) and Epoch (p < .001) were observed, along with Vowel X Epoch (p < .001) and Epoch X Subject (p < .001) interactions. Univariate analyses of Epoch were significant in F2 (p < .01), but not F1 (p > .05). Univariate Epoch X Vowel interactions were observed in both F2 (p < .05) and F1 (p < .001), as were Epoch X Subject interactions (F1 & F2, p < .01). Overall, therefore, speakers altered their entire vowel space significantly, with vowel-specific alterations to vowel height in particular. FIGURE 8. Average utterance durations from the PS sentences produced by speakers in Group 3 (N=2). Durations from the unperturbed baseline condition are in black; all others are in blue. A highly significant main effect of Epoch is present (p < .001), as is an Epoch X Subject interaction (p < .001). Pairwise comparisons among Epochs revealed significant differences between data in Sessions 1 and 2 as compared with data from every other recording session (including Baseline). Data from Session 3 is also significantly different from Baseline and that of Sessions 1, 4, and 5; this comparison is not indicated in the Figure. Speakers in this group, therefore, also show an initial drop in speaking rate which corrects itself after one 4-hour experimental period. FIGURE 9. Average measures of variability in PS sentence f0 (see Data Analysis above) for subjects in Group 3 (N=2). The main effect of Epoch is significant (p < .05), along with the Epoch X Subject interaction (p < .05). No pairwise comparisons reached significance. Pitch variability does appear to be affected by the feedback manipulation, therefore, but in subject-specific ways. Examination of individual subject responses (not shown here, see Casserly & Pisoni (in preparation) ) supports this interpretation. The only consistency across speakers in this group was a substantial drop in pitch variability during the first perturbation Epoch (Session 1). This effect can be seen here in the low variability and small error bars in the Session 1 data.
Subjects in Group 3 were given large amounts of experience with the vocoding feedback transformation. For the most part, this experience did not affect their shifts in vowel quality; after the initial compensatory response, additional change was very limited. Changes to speaking rate confirmed the observations made following analysis of Group 2 talkers: after an initial reduction, lasting approximately four hours, speakers recovered to levels similar to their baseline rates. For these speakers, the recovery does not seem as qualitatively complete as it does for speakers in Group 2, but statistically the effects are very similar. Finally, the pitch variability results remain somewhat ambiguous in interpretation; all that can be said is that variations in pitch are definitely affected by the perturbation.
DISCUSSION & CONCLUSIONS
This experiment investigated the impact of acoustic feedback degradation in the frequency domain on speech production across varying lengths of exposure. Subjects in Group 1 completed an experiment lasting 1.5 hours, with 55 minutes of exposure to the feedback perturbation -a length typical of current acoustic perturbation work. Subjects in Group 2 wore the PRTV signal transformation device for much longer, a single 6-hour experimental session. Subjects in Group 3 were given a total of 16 hours of experience with the signal transformation, participating in four 4-hour sessions. Changes in subjects' speech -particularly in the domains of vowel quality, speaking rate, and pitch fluctuation -were examined over these three time courses in order to determine the impact of experience-dependent learning on production.
With respect to F1/F2 vowel quality, speakers in all three groups showed similar patterns. Vowel qualities were altered significantly, particularly in the height/F1 dimension. Localization of quality changes to specific regions of the vowel space, typically either in high or low F1 areas, were common. However, individual speakers showed significant differences in these localizations, with no specific vowel or pattern being overwhelmingly more common than others. Insofar as generalizations are possible, one can state that the vowel space was typically selectively collapsed in the height dimension but largely spared in F2 contrasts, although some contraction in this domain, particularly in the high vowels [i] and [u] was also observed.
Critically, however, these changes do not seem to depend on experience: they remained largely constant for speakers over time, even for as many as 16 total hours spanning 4 different days. Tentatively, therefore, we can interpret these changes in quality as a relatively straightforward compensatory response to the particulars of the signal transformation. Otherwise, we would expect the continuing mismatch between feedback and articulation to cause some changes in vowel production over time. Since these were not observed, it is possible that speakers did not perceive any such mismatch after their initial adjustments were complete.
The effect of experience appears to be very different, however, in the domains of speaking rate and pitch variability. While the results in pitch variability are difficult to interpret, perhaps due to a relatively small effect size and the small number of subjects in Groups 2 and 3, it is clear that variability is being affected by feedback perturbation, causing speakers to produce less variable, more monotone speech. This tendency appears to be quite strong initially, with a rapid -although possibly not complete -decline over time, probably within the first hour of exposure. Results for speaking rate are clearer: speakers slow down production significantly for the first 1-2 hours of exposure, following which they return to levels comparable, but perhaps not identical, to baseline performance.
Overall, therefore, it seems that speakers adapt to degraded acoustic feedback signals fairly rapidly, within the first few hours of exposure. Production in different domains adapts at different rates, however, meaning that much more research is needed to explore these trajectories of adaptation in other areas of speech production and for other perturbations of acoustic feedback.
